Introduction {#S1}
============

Acute Myeloid Leukemia (AML) is a heterogeneous disease affecting both children and adults. The use of intensive chemotherapy, risk stratification and hematopoietic stem cell transplantation have improved outcomes. However, cure rates for paediatric (60-70%), young (40-45%) and older adults (10-20%) remain poor \[[@R1], [@R2]\]. Although primary oncogenic drivers represent attractive targets for novel therapies, a complimentary approach has focussed on inhibiting the expression and activity of transcription factors, such as c-MYB, that are required to integrate oncogenic programs downstream of driving oncogenes across a broad spectrum of cancers \[[@R3], [@R4]\]. Thus, anti-AML activity has been demonstrated for small molecules and peptidomimetics that inhibit the interaction between c-MYB and the CBP/p300 transcriptional co-activator complexes \[[@R5], [@R6]\], and for drugs that target c-MYB for proteasomal degradation \[[@R7]\].

The AAA+ (ATPases associated with diverse cellular activities) ATPases, RUVBL1 and RUVBL2, were originally isolated as components of transcriptional complexes and shown to function in a number of different cellular processes, including transcriptional regulation, chromatin remodelling and DNA damage responses \[[@R8]\]. They were also found to be essential for the oncogenic activity of c-MYC \[[@R9]\] and for survival and progression of multiple different cancer types \[[@R8]\]. Recently, the RUVBL1/RUVBL2 complex was implicated in hepatocellular carcinogenesis, through amplifying the transcriptional response of E2F factors \[[@R10]\]. We previously showed that in *MLL*-rearranged AML cells, MLL-fusions are responsible for maintenance of RUVBL2 expression, mediated via transcriptional activation of the *RUVBL2* gene by c-MYB \[[@R11]\]. Silencing expression of endogenous RUVBL2 or over-expression of a mutant RUVBL2(DN) molecule (capable of ATP binding but not its hydrolysis) in human and mouse AML cells, induced differentiation and apoptosis, and inhibited colony formation. Dependence on RUVBL2 expression was a general feature of AML cells and not limited to the *MLL*-rearranged subtype \[[@R11]\]. This is consistent with data from recent CRISPR essentiality screens in AML \[[@R12], [@R13]\].

Here, we report that inhibition of RUVBL2 expression or function impairs progression of established leukemia. In contrast, RUVBL2 function is dispensable for differentiation of normal hematopoietic progenitor cells. We demonstrate that RUVBL2 binds c-MYB and ensures that its transcriptional activity is compatible with differentiation arrest and self-renewal of AML cells by enforcing repression of a subset of c-MYB target genes. These data suggest that therapeutic targeting of RUVBL2 represents an opportunity to disrupt the c-MYB oncogenic program in AML, while sparing normal hematopoiesis.

Materials and methods {#S2}
=====================

Mice {#S3}
----

Mice were maintained in the UCL GOS ICH animal facilities and experiments were performed according to and approved by the United Kingdom Home Office regulations and followed UCL GOS ICH institutional guidelines.

Western blot and co-immunoprecipitation (Co-IP) analysis {#S4}
--------------------------------------------------------

Western blot analysis was performed as previously described \[[@R7], [@R14]\]. Antibody clone names are available in [Supplementary Methods](#SD4){ref-type="supplementary-material"}. For Co-IP analyses, THP1 and HA-RUVBL2 expressing THP1 cells were washed in cold PBS, proteins cross-linked for 10 minutes with 0.1 mM disuccinimidyl glutarate (DSG) and quenched for 10 minutes with 1 mM Tris pH7.4 on ice. Cells were washed three times with cold PBS, lysed and proteins immunoprecipitated using the Pierce Classic Magnetic IP/Co-IP Kit (ThermoFisher Scientific).

Flow cytometry and apoptosis assays {#S5}
-----------------------------------

Flow cytometry was performed as previously described \[[@R11]\]. The antibodies and kits used are available in [Supplementary Methods](#SD4){ref-type="supplementary-material"}.

Colony formation assays {#S6}
-----------------------

CD117^+^/lineage^-^ mouse hematopoietic progenitor cells (HPC) were purified from C57BL/6-CD45.1 mouse bone marrow by magnetic-activated cell sorting, using the Lineage Cell Depletion Kit (Miltenyi Biotec) followed by positive selection using anti-CD117-PE (Biolegend) and anti-PE microbeads (Miltenyi Biotec). Colony assays were performed in M3434 (StemCell Technologies) methylcellulose.

Lentiviral and retroviral vector cloning and transduction {#S7}
---------------------------------------------------------

For inducible expression, shRNA and cDNA were cloned into the pTRIPZ (Open Biosystems/Thermo Scientific) lentiviral vector. Induction was achieved by treatment of cells every 48 hours with 1 μg/ml doxycycline (Clontech-Takara Bio). Constitutive shRNA expression was performed using MISSION pLKO.1 shRNA constructs (Sigma Aldrich), and cDNA expression using the pMSCV-hCD2T \[[@R15]\] and pCSGW-PIG \[[@R7]\] vectors. The RUVBL2(DN) \[[@R11]\] cDNA was described previously. The HA-RUVBL2 cDNA from pCDNA-3xHA-Reptin, a gift from Steven Artandi (Addgene plasmid \# 51636) \[[@R16]\], was cloned into pCSGW \[[@R17]\]. The pCSGW-LUC2 vector was previously described \[[@R7]\]. Lentiviral and retroviral transductions were performed as previously described \[[@R11], [@R18], [@R19]\].

*In vivo* transplantation {#S8}
-------------------------

Inducible shSCR and shRUVBL2 THP1 clones were transduced with a luciferase expressing lentiviral vector as previously described \[[@R7]\]. Cells were transplanted into NOD-SCID-γ^-/-^ mice (NSG; The Jackson Laboratory) and imaging performed as described previously \[[@R7]\]. For transplantation of normal transduced mouse HPC, lethally γ-irradiated (split dose: 5Gy & 4Gy) C57BL/6 mice were injected intravenously with 2×10^5^ C57BL/6-CD45.1 transduced HPC. Peripheral blood was analysed 27 days after transplantation and recipients sacrificed 4 months after transplantation. For mouse MLL-ENL cell transplantation, sublethally γ-irradiated (6Gy) C57BL/6 or C57BL/6J-CD45.1 mice were intravenously injected with 0.5-1×10^6^ leukemic cells. *In vivo* induction was initiated with 3 intraperitoneal injections (1mg of doxycycline in 100µl of PBS, Clontech-Takara Bio) every other day, followed by continual treatment with doxycycline in the diet (625mg/kg, Harlan). For inducible RUVBL2(DN) MLL-ENL transplanted mice, doxycycline was administered in the drinking water (200µg/ml doxycycline and 5% sucrose).

Quantitative RT-PCR (qRT-PCR) analysis {#S9}
--------------------------------------

Quantitative RT-PCR (qRT-PCR) was performed on isolated mRNA using TaqMan probe based chemistry and an ABI Prism 7900HT fast Sequence Detection System (Life Technologies), as previously described \[[@R7]\]. All primer/probe sets were from Applied Biosystems, Life Technologies.

RNA sequencing (RNA-seq) and Gene set enrichment analysis (GSEA) {#S10}
----------------------------------------------------------------

Total cellular RNA was purified from control and doxycycline treated samples from three independent experiments for each time-point and submitted to UCL Genomics for RNA-sequencing, as detailed in [Supplementary Methods](#SD4){ref-type="supplementary-material"}. GSEA ([https://software.broadinstitute.org/gsea/](https://software.broadinstitute.org/gsea/index.jsp)) was used to examine enrichment of gene sets for c-MYC activated target genes \[[@R20]\], AML LSC,\[[@R21]\] c-MYB target genes \[[@R7]\], gene expression changes following shRNA \[[@R22]\], CRISPR-mediated \[[@R23]\] and peptidomimetic \[[@R6]\] c-MYB targeting, PMA-induced myeloid differentiation \[[@R24], [@R25]\] and monocyte terminal differentiation \[[@R26]\] in gene expression changes following *RUVBL2* silencing. Enrichment of the 36 genes with increased expression and c-MYB binding following *RUVBL2* silencing was examined in gene expression changes following siRNA \[[@R25]\], CRISPR-mediated \[[@R23]\] and peptidomimetic \[[@R6]\] c-MYB targeting, and following 24 hours exposure of THP1 cells to PMA \[[@R25]\]. RNA-seq data is available on the GEO repository, GSE117106.

Chromatin immunoprecipitation and sequencing (ChIP-seq) {#S11}
-------------------------------------------------------

Chromatin immunoprecipitation using commercially available antibodies and sequencing of isolated DNA was performed, as detailed in [Supplementary Methods](#SD4){ref-type="supplementary-material"}. Pre-processed data were then aligned to the genome (UCSC hg19) with BWA14 and deduplicated. Peak calling was conducted using MACS1.3.3 \[[@R27]\] at a *P*-value cut-off of 10^-6^. Bigwig files were generated using bam2bw. Tags within a given region were counted and adjusted to represent the number of tags within a 1 kb region. Subsequently the percentage of these tags as a measure of the total number of sequenced tags of the sample was calculated and displayed as heat map or boxplot as before \[[@R28], [@R29]\]. ChIP-seq data is available on the GEO repository, GSE117224.

Statistics {#S12}
----------

Statistical significance was determined using Prism (GraphPad) software. Statistical analysis of survival curves was performed using the logrank (Mantel-Cox) test. Statistical analysis of means was performed using the one sample *t* test or unpaired Student's *t* test, two-tailed *P* values \< 0.05 being considered statistically significant. Variance was similar between groups. For RNA-seq analysis, statistically significant changes in gene expression were *P* \< 0.05 using the Wald test. For analysis of H3K27ac changes on dynamic c-MYB peaks, *P* values were calculated using the Mann--Whitney U test.

Results {#S13}
=======

RUVBL2 inhibition impairs AML progression {#S14}
-----------------------------------------

Previously, we demonstrated that silencing *RUVBL2* expression with two independent shRNA resulted in AML cell differentiation and apoptosis \[[@R11]\]. Here, we examined whether this would result in impairment of leukemia progression *in vivo*. The most effective shRNA was cloned into the TRIPZ inducible expression vector and used to transduce THP1 cells. Clones were then generated from the inducible control shSCR and shRUVBL2 THP1 cells and further transduced with a luciferase-expressing lentiviral vector ([Fig. 1a-c](#F1){ref-type="fig"}). NSG mice were transplanted with control and shRUVBL2 THP1 clones and disease progression measured by bioluminescence imaging. Ten days after transplantation, when bioluminescence signal was detected in all recipient mice confirming AML engraftment ([Fig. 1d,e](#F1){ref-type="fig"}), doxycycline treatment of the experimental groups was initiated and maintained until day 59 post-transplantation. Whereas bioluminescence increased steadily in untreated groups and in doxycycline-treated control shSCR mice, the signal declined to background levels in shRUVBL2 mice following treatment with doxycycline ([Fig. 1d,e](#F1){ref-type="fig"}). Disease latency was similar for the untreated groups and the doxycycline-treated shSCR mice, all mice succumbing to leukemia within 8 days of each other ([Fig. 1f](#F1){ref-type="fig"}). In contrast, most of the doxycycline-treated shRUVBL2 mice survived through to the end of the experiment, a striking result in this aggressive disease model ([Fig. 1f](#F1){ref-type="fig"}). Leukemia was undetectable in 4 out of the 5 surviving mice at the end of the experiment, 112 days after transplantation, with localised disease progression evident in the remaining mouse ([Supplementary Figure 1](#SD3){ref-type="supplementary-material"}).

Next, we examined the impact of RUVBL2 inhibition on *in vivo* progression of AML using two different mouse models. In the first model, we generated MLL-ENL mouse myeloid leukemia cells, as previously described \[[@R18], [@R19]\], and transduced them with inducible TRIPZ vectors containing control shRNA or shRNA targeting mouse *Ruvbl2*. Treatment of shRuvbl2 MLL-ENL clones, derived from these cells, with doxycycline *in vitro* resulted in significant apoptosis in comparison to untreated cells or to control cells ([Fig. 2a](#F2){ref-type="fig"} and [Supplementary Figure 2a](#SD3){ref-type="supplementary-material"}). MLL-ENL clones were also transplanted into sub-lethally irradiated mice and experimental groups were exposed to doxycycline treatment 10 days later. Disease latency was significantly impaired in shRuvbl2 transplanted mice treated with doxycycline, with more than half of the group surviving the course of the experiment ([Fig. 2b](#F2){ref-type="fig"}).

Since the capacity of RUVBL2 to bind and hydrolyse ATP is central to many of its diverse cellular functions \[[@R8]\], we next examined the effect of targeting the RUVBL2 ATPase activity on *in vivo* disease progression. MLL-ENL cells were transduced with the inducible TRIPZ vector, containing RUVBL2(DN), or empty vector control, and clones derived. The D299N point mutation in RUVBL2(DN) abrogates the ability of RUVBL2 to hydrolyse bound ATP. We demonstrated previously that over-expression of this mutant acts in a dominant negative manner over normal RUVBL2 function in AML cells *in vitro* \[[@R11]\]. Exposure of inducible RUVBL2(DN) cells to doxycycline *in vitro* resulted in rapid induction of apoptosis ([Fig. 2c](#F2){ref-type="fig"} and [Supplementary Figure 2b](#SD3){ref-type="supplementary-material"}). Inducible clones were transplanted into sub-lethally irradiated recipient mice and after 14 days treatment of mice with doxycycline was initiated. Although doxycycline treatment made no impact on AML latency in mice transplanted with empty vector control MLL-ENL cells, consistent with previous results \[[@R19]\], disease progression of RUVBL2(DN) was significantly impaired by doxycycline treatment ([Fig. 2d](#F2){ref-type="fig"}). Importantly, analysis of shRuvbl2 and RUVBL2(DN) leukaemia cells harvested from doxycycline treated mice that did succumb to disease had lost their ability to induce shRNA or RUVBL2(DN) expression ([Supplementary Figure 2c, d](#SD3){ref-type="supplementary-material"}).

In contrast to the deleterious effects of RUVBL2(DN) expression in AML cells, normal HPC expressing RUVBL2(DN) exhibited robust myeloid colony forming activity *in vitro*, similar to empty vector transduced HPC ([Supplementary Figure 3a,b](#SD3){ref-type="supplementary-material"}). Furthermore, neither short-term nor long-term hematopoietic reconstitution were significantly altered by expression of the RUVBL2(DN) mutant, recipient mice exhibiting equivalent reconstitution of both myeloid and B cell compartments of bone marrow and spleen to those transduced with empty vector transduced control HPC ([Supplementary Figure 4a,b](#SD3){ref-type="supplementary-material"} and [Fig. 2e](#F2){ref-type="fig"}). This is consistent with our previous demonstration that RUVBL2 silencing has significantly less impact on the proliferation of normal human HPC than AML cells \[[@R11]\]. Collectively, these data indicate that AML cells are more sensitive than normal HPC to inhibition of RUVBL2 function, and that a therapeutic window exists for its therapeutic targeting.

RUVBL2 regulates expression of c-MYB target genes in AML cells {#S15}
--------------------------------------------------------------

To determine the impact of RUVBL2 on global gene expression in AML cells we transduced bulk THP1 cells with the TRIPZ inducible shRUVBL2 and shSCR lentiviral vectors. Significant decreases in RUVBL2 protein expression were first detected at day 2 after induction of *RUVBL2*-specific, but not control, shRNA, and decreased further by day 4 ([Fig. 3a,b](#F3){ref-type="fig"}). As expected, loss of RUVBL2 expression eventually resulted in apoptosis of THP1 cells, 8 days after doxycycline treatment ([Supplementary Figure 5a,b](#SD3){ref-type="supplementary-material"}). We then analysed changes in transcriptome profiles of THP1 cells by RNA sequencing (RNA-seq), at 2 days and 4 days following induction of *RUVBL2*-specific shRNA. *RUVBL2* silencing resulted in 194 and 2,878 significant gene expression changes after 2 days and 4 days doxycycline treatment, respectively ([Fig. 3c,d](#F3){ref-type="fig"}). Of these, the expression of 52 genes changed more than 2-fold at day 2 (6 down and 46 up), and 219 at day 4 (55 down and 164 up). These gene expression changes were validated in independent experiments by analysing the expression of a selected gene panel by qRT-PCR ([Supplementary Figure 6](#SD3){ref-type="supplementary-material"}). The RNA-seq data indicate that the predominant changes were increases in gene expression, consistent with the reported function of RUVBL2 as a co-factor in transcriptional repression, although there were some notable decreases in gene expression, such as *c-MYC* \[[@R8]\]. Among these were genes encoding the transcription factors BTG2, MAF and MAFB, known to promote myelomonocytic differentiation and growth arrest ([Fig. 3d,e](#F3){ref-type="fig"}) \[[@R30]--[@R34]\]. Inhibition of RUVBL2 function by transduction of THP1 cells with RUVBL2(DN) also resulted in increased *BTG2*, *MAF* and *MAFB* expression ([Fig. 3f](#F3){ref-type="fig"}). This function of RUVBL2 was not limited to THP1 cells, since increased *BTG2* and *MAFB* expression following *RUVBL2* silencing was also evident in a panel of AML cells lines ([Supplementary Figure 7](#SD3){ref-type="supplementary-material"}). These data indicate that RUVBL2 functions to repress expression of transcription factors that promote AML cell differentiation.

Since *c-MYC* expression is known to be regulated by the transcription factor c-MYB in AML cells, the expression of which did not change at the RNA or protein levels after *RUVBL2* silencing ([Supplementary Figure 8a-c](#SD3){ref-type="supplementary-material"}), we next examined whether c-MYB function was impaired by loss of RUVBL2. Indeed, gene expression changes at both day 2 and day 4 following *RUVBL2* silencing were found to be significantly enriched in direct c-MYB target genes ([Fig. 4a](#F4){ref-type="fig"}), previously defined by integrating gene expression data \[[@R25]\] with target gene occupancy \[[@R35]\]. c-MYB gene sets derived from other studies, generated from shRNA targeting of *c-MYB* expression \[[@R22]\], CRISPR-based targeting of the c-MYB DNA-binding domain \[[@R23]\] and peptidomimetic inhibition of the interaction between c-MYB and the CBP-P300 co-activators \[[@R6]\], were all similarly enriched in gene expression changes at both time-points ([Fig. 4b](#F4){ref-type="fig"}). A previous study reported that gene expression changes induced by *c-MYB* silencing, including increased expression of *BTG2*, *MAF* and *MAFB*, overlapped significantly with those following induction of THP1 cell differentiation by phorbol myristate acetate (PMA) treatment \[[@R25]\]. Indeed, genes affected by *RUVBL2* silencing also showed enrichment for PMA-induced and monocyte terminal differentiation gene sets ([Fig. 4b](#F4){ref-type="fig"}), as previously defined \[[@R24], [@R26]\]. This suggests that RUVBL2 arrests AML cell differentiation, a prerequisite for leukemia progression, by regulating the transcriptional activity of c-MYB. Consistent with these data, *RUVBL2* silencing was associated with a significant down-regulation of genes linked to the AML leukemic stem cell signature ([Supplementary Figure 8d](#SD3){ref-type="supplementary-material"}) \[[@R21]\].

RUVBL2 has been reported to interact with and regulate the activity of several different transcription factors in different cancer types \[[@R8], [@R36]\], including most recently E2F1 in hepatocellular carcinoma \[[@R10]\]. To determine whether RUVBL2 interacted with c-MYB in AML cells, we performed co-immunoprecipitation experiments in THP1 cells. Following *in vivo* protein crosslinking with disuccinimidyl glutarate (DSG), c-MYB was clearly found to co-immunoprecipitate with endogenous RUVBL2 ([Fig. 4c](#F4){ref-type="fig"}). In the reciprocal experiment, c-MYB was immunoprecipitated from HA-RUVBL2 expressing THP1 cells, and shown to pull down the HA-tagged protein ([Fig. 4d](#F4){ref-type="fig"}). These data suggest that RUVBL2 interacts with c-MYB in AML cells.

RUVBL2 is necessary to enforce transcriptional repression by c-MYB {#S16}
------------------------------------------------------------------

To examine the consequences of *RUVBL2* silencing on genome-wide target gene occupancy by c-MYB, we performed chromatin immunoprecipitation combined with DNA sequencing (ChIP-seq) in THP1 cells, following transduction with constitutive *RUVBL2*-specific or control shRNA. A total of 17,254 c-MYB DNA-binding peaks were detected in control and shRUVBL2 cells, corresponding to 7,457 genes. We previously demonstrated that c-MYB controls *RUVBL2* gene expression \[[@R11]\], and consistent with this finding, a c-MYB binding peak was evident at +462 bp relative to the *RUVBL2* transcriptional start site ([Supplementary Figure 9a](#SD3){ref-type="supplementary-material"}). *RUVBL2* silencing resulted in more than 2-fold increased binding of c-MYB at 2,355 peaks (MYB UP) and more than 2-fold decreased binding at 275 peaks (MYB DN), corresponding to 1,876 and 267 genes, respectively ([Fig. 5a-b](#F5){ref-type="fig"} and [Supplementary Figure 9b](#SD3){ref-type="supplementary-material"}). We then performed further ChIP-seq analysis to determine the extent of co-localization of c-MYB binding peaks with regions of histone 3 lysine 27 acetylation (H3K27ac), a mark of transcriptional activity. Significant levels of H3K27ac were found to be associated with 568 MYB UP peaks and 109 MYB DN peaks. Furthermore, the H3K27ac signal increased significantly at the 568 MYB UP peaks upon *RUVBL2* silencing ([Fig. 5c](#F5){ref-type="fig"}), whereas it was not found to change significantly at the MYB DN peaks ([Supplementary Figure 9c](#SD3){ref-type="supplementary-material"}). We then compared the list of genes that were associated with increased c-MYB binding (1,876 genes) with those whose expression increased more than 2-fold (164 genes) following *RUVBL2* silencing. There was a significant overlap of 36 genes between these two lists ([Fig. 5d](#F5){ref-type="fig"}), which included *BTG2*, *MAF* and *MAFB* ([Fig. 5b](#F5){ref-type="fig"}). This indicates that increased binding of c-MYB to these target genes correlated with increases in their expression. These genes were found to be positively enriched in the previously published PMA-induced gene expression changes ([Fig. 5e](#F5){ref-type="fig"}) \[[@R25]\], suggesting that RUVBL2 is responsible for maintaining repression of c-MYB target genes involved in myeloid differentiation. Surprisingly, the 36 genes were also found to be positively enriched in gene expression data from studies targeting c-MYB expression and function ([Fig. 5f](#F5){ref-type="fig"}) \[[@R6], [@R23], [@R25]\]. This analysis suggests that at these loci, loss of RUVBL2 expression results in conversion c-MYB from a transcriptional repressor into a transcriptional activator, correlating with increased binding of c-MYB and H3K27ac signal.

Discussion {#S17}
==========

In this study, we demonstrate that RUVBL2 is essential for the oncogenic activity of c-MYB in AML, ensuring transcriptional repression of myeloid differentiation-associated target genes. Myeloid differentiation arrest is a hallmark of AML, resulting in accumulation of aberrant immature myeloid progenitors. Reversing this differentiation block has long been a goal of novel anti-AML therapeutic strategies \[[@R37]--[@R39]\]. We present evidence for a molecular mechanism responsible for enforcing this block in AML differentiation. Our data indicate that RUVBL2 loss converts c-MYB from a repressor to a transcriptional activator of myeloid pro-differentiation genes. RUVBL2 inhibition results in increased c-MYB binding of these genes, associated with elevated H3K27 acetylation of c-MYB binding regions and activation of target gene expression. This is consistent with data from our previous study, which demonstrated that RUVBL2 inhibition led to growth inhibition, differentiation and eventual apoptosis of AML cells \[[@R11]\]. The present study demonstrates the importance of RUVBL2 in maintaining aberrant AML-associated transcriptional networks, highlighted by the ablation of established AML *in vivo* following RUVBL2 inhibition.

Previous analysis of myeloid transcription factor networks in AML suggested that c-MYB acts in part as an anti-differentiation transcriptional repressor \[[@R40]\]. Indeed, as well as activating its targets, c-MYB was found to repress half of its direct target genes, several of which are recognized positive regulators of myeloid differentiation \[[@R35]\]. Although the CBP/P300 co-factors are largely defined as transcriptional co-activators, they were also shown to be necessary for repression of target genes by c-MYB \[[@R35], [@R41]\] and peptidomimetic inhibition of c-MYB:CBP/P300 interaction was shown to result in increased expression of repressed c-MYB target genes, as well as decreased expression of activated genes \[[@R6]\]. This suggests that direct repression of positive regulators of myeloid differentiation and growth arrest by c-MYB is an essential component of its transforming activity. Indeed, our RNA-seq analysis demonstrate that in AML cells, RUVBL2 is required for c-MYB-dependent transcriptional repression of a pro-differentiation myeloid gene expression signature, including *BTG2*, *MAF* and *MAFB* genes. These genes are all expressed during normal myeloid differentiation. BTG2 is an anti-proliferative tumour suppressor and plays a role during differentiation of diverse tissues \[[@R42]\]. Much of its activity is linked to interaction with the PRMT1 arginine methyltransferase and methylation of histone and non-histone substrates. This complex has been shown to regulate gene expression as directly affecting post-transcriptional processes such as mRNA stability and cell cycle machinery dynamics \[[@R42]\]. Of particular interest in the context of our study, the BTG2-PRMT1 complex was reported to enhance myeloid differentiation of both AML cells and normal CD34^*+*^ HPC in response to retinoic acid (RA). This effect was found to be dependent on basal methylation of histone H4 at RA-responsive promoters by this complex, leading to more efficient histone H4 acetylation upon RA stimulation and consequent increases in target gene expression \[[@R32]\]. The myelomonocytic transcription factors MAF and MAFB have both been reported promote monocytic differentiation in AML cell lines and transformed myeloid cells, respectively \[[@R30], [@R31]\]. Moreover, MAFB was also shown to promote RA induced myeloid differentiation of THP1 cells, enhancing expression and histone H4 acetylation of RA target genes \[[@R43]\].

c-MYB is required for definitive hematopoiesis and plays an important role in differentiation of multiple hematopoietic lineages \[[@R44]\]. Although rarely mutated in leukemia, it has long been associated with hematopoietic malignancies \[[@R44], [@R45]\]. Indeed a number of studies demonstrated that c-MYB is an essential mediator of MLL-fusion activity in AML \[[@R46], [@R47]\], maintaining an aberrant self-renewal program downstream of the driving oncogenes \[[@R21], [@R22]\]. Furthermore, we recently demonstrated that *c-MYB* silencing impaired self-renewal of both *MLL*-rearranged and non-rearranged AML cells \[[@R7]\]. These properties of c-MYB in AML are consistent with cancer-associated master regulator activity \[[@R4]\], indicative of potential efficacy as a therapeutic target \[[@R3]\]. Our data demonstrate that RUVBL2 inhibition blocks the oncogenic activity of c-MYB without compromising normal haematopoiesis. This can be explained by the testable hypothesis that RUVBL2 interacts with c-MYB to repress pro-differentiation target genes, such as *BTG2*, *MAF* and *MAFB*, that would otherwise be transactivated by the increased levels of c-MYB associated with myeloid transformation.

RUVBL2 consists of three domains, the ATP binding pocket being formed by intramolecular interactions between domain I (containing the Walker motifs) and domain III \[[@R48]\]. The Walker A domain is required for binding of ATP, while the B domain is necessary for its hydrolysis. The RUVBL2(DN) Walker B mutant exerts a dominant negative effect over the transcriptional co-repressor function of endogenous RUVBL2 in our experiments. This indicates that the ATPase activity of RUVBL2 is essential for the oncogenic activity of c-MYB. In this respect, it is important to note that normal hematopoiesis exhibits no such dependence on RUVBL2 ATPase function.

Increased expression of RUVBL2 has been reported in a number of cancer types \[[@R8]\], and we previously found that its expression increased upon transformation of normal human hematopoietic progenitors and remained elevated in AML cells \[[@R11]\]. Interestingly, high *RUVBL2* expression is found in a subset of t(4;11) infant acute lymphoblastic leukemia expressing high levels of *IRX1/2* and low levels of *HOXA* cluster genes \[[@R49]\]. This subset has a significantly increased risk of relapse in comparison to the subset expressing high levels of *HOXA* genes \[[@R49]--[@R51]\]. Since t(4;11) infant ALL can often switch lineages to AML, it would be important to examine whether high *RUVBL2* expression was linked to such lineage switches. RUVBL2 has been shown to regulate the transcriptional activity of numerous transcription factors implicated in oncogenesis, including c-MYC, β-catenin and E2F1 \[[@R8], [@R10], [@R36]\]. The relative importance of these interactions to maintenance of cancer cell transcriptional dystasis is likely to vary according to cancer tissue type. The central role of c-MYB in AML pathogenesis suggests that targeting its interaction with RUVBL2 represents a novel and promising approach to AML therapy.

Supplementary Material {#SM}
======================

The authors thank Ayad Eddaoudi and Stephanie Canning, UCL GOS ICH Flow Cytometry Facility, for providing assistance with flow cytometry, all the staff of the UCL GOS ICH Western Laboratories for excellent animal husbandry. E.A.M. was supported by a PhD studentship from Bloodwise (12068), L.Z. by a PhD studentship from the Medical Research Council (MRC DTG), and L.G. by a project grant from Children with Cancer UK (14-169). M.R.M. was supported by a Bennett Fellowship from Bloodwise and National Institute for Health Research University College London BRC Senior Clinical Research Fellowship, and J.d.B. by a fellowship from the Alternative Hair Charitable Foundation and Great Ormond Street Hospital Children's Charity. Research in the laboratory of J.H.A.M. was supported by KIKA, and O.W. (V1305, V2617) was supported by grants from the Great Ormond Street Hospital Children's Charity. This research was supported by the NIHR Great Ormond Street Hospital Biomedical Research Centre.

**Author contributions** E.A.M., L.Z., L.G. and O.W. performed the experiments and data analysis. T.B. and K.P. performed the RNA-sequencing and ChIP-sequencing experiments, and J.H.A.M. analysed ChIP-sequencing data. O.W., J.d.B. and M.R.M. provided project leadership and supervised the research. E.A.M. and O.W. wrote the paper. All authors read, provided critical comments and approved the manuscript.

**Conflict of interest** The authors declare that they have no conflict of interest.

![Elimination of established AML following *RUVBL2* silencing.\
**a** Luminescence signal in shSCR and shRUVBL2 THP1-LUC2 clones, prior to transplantation. **b** Western blot analysis of RUVBL2 protein in shSCR and shRUVBL2 clones treated with doxycycline for 3 days, or left untreated. **c** Quantification of RUVBL2 expression in **b**. Data are normalised to Actin loading control and to untreated shSCR and shRUVBL2 clones. **d** Bioluminescence imaging examples of NSG recipient mice 10 days after injection with shSCR or shRUVBL2 THP1-LUC2 clones, and before doxycycline treatment, (day 10, top), and 21 days later, after treatment with doxycycline (+DOX) or not (-DOX) (day 31, bottom). Bars for luminescence signal represent photons/s/cm^2^/steradian. **e** Graph depicting AML progression, measured by bioluminescence imaging, in untreated shSCR (black dashed lines, n = 3) and shRUVBL2 (black solid lines, n = 6) recipient mice or following doxycycline treatment in shSCR (red dashed lines, n = 3) and shRUVBL2 (red solid lines, n = 6) mice. There was no significant difference in bioluminescence signal between groups subjected to doxycycline treatment and those left untreated, at day 10 after transplantation, and before doxycycline treatment started (*P* = 0.37 for shSCR and *P* = 0.58 for shRUVBL2 groups), unpaired Student's *t* test. **f** Survival curve for recipient mice in **e**. Red line above curves indicates length of doxycycline treatment. Survival curves were significantly different for doxycycline treated and untreated groups for shRUVBL2 mice (*P* = 0.0009), but not shSCR mice (*P* = 0.23), logrank (Mantel-Cox) test.](EMS82692-f001){#F1}

![RUVBL2 inhibition impairs AML progression but not normal hematopoiesis.\
**a** Apoptosis induction in mouse MLL-ENL clones, inducibly expressing control (shSCR) or mouse *Ruvbl2*-specific (shRuvbl2) shRNA 6 days after doxycycline treatment. Bars and error bars represent means and SD of fold changes in apoptosis (annexin V positive cells) from three independent experiments. \**P* \< 0.05; n.s. not significant (relative to untreated cells), one sample *t* test. **b** Survival curves for recipient mice transplanted with shSCR.1 (dashed lines) and shRuvbl2.2 (solid lines) clones, untreated (black lines, n = 2 for shSCR.1 and n = 5 for shRuvbl2.2) or treated with doxycycline (red lines, n = 4 for shSCR.1 and n = 7 for shRuvbl2.2). Red arrow indicates point at which doxycycline treatment started. *P* = 0.0002 for doxycycline treated versus untreated shRuvbl2 mice, logrank (Mantel-Cox) test. **c** Apoptosis induction in inducible control (CON) and human RUVBL2(DN) mouse MLL-ENL clones 48 hours after doxycycline treatment. Bars and error bars represent means and SD of fold changes in apoptosis from three independent experiments. \**P* \< 0.05; n.s. not significant (relative to untreated cells), one sample *t* test. **d** Survival curves for recipient mice transplanted with CON (dashed lines) and RUVBL2(DN).1 (solid lines) clones, untreated \[black lines, n = 3 for CON and n = 6 for RUVBL2(DN).1\] or treated with doxycycline \[red lines, n = 3 for CON and n = 7 for RUVBL2(DN).1\]. Red arrow indicates point at which doxycycline treatment started. *P* = 0.0005 for doxycycline treated versus untreated RUVBL2(DN) mice, logrank (Mantel-Cox) test. **e** Percentages of total (hCD2^+^CD45.1^+^), myeloid (hCD2^+^CD45.1^+^CD11b^+^GR1^+^) and B lymphoid (hCD2^+^CD45.1^+^CD19^+^B220^+^) transduced donor cells in the bone marrow and spleen of recipient mice, four months after reconstitution with mouse HPC, transduced with control (CON) or RUVBL2(DN) expressing lentiviral vectors. Bars and error bars are means and SD of percentages from three control and five RUVBL2(DN) mice. n.s. = not significant, unpaired Student's *t* test.](EMS82692-f002){#F2}

![Changes in gene expression profiles following *RUVBL2* silencing in AML cells.\
**a** Western blot analysis of RUVBL2 protein expression (upper panel) following doxycycline (DOX) treatment of THP1 cells transduced with inducible RUVBL2-specific shRNA (shRUVBL2) or control shRNA (shSCR). GAPDH (lower panel) was used as a loading control. **b** Quantification of RUVBL2 protein expression at days 2 and 4 after doxycycline treatment of shRUVBL2 THP1 cells. Bars and error bars are means and SD of three (day 2) and five (day 4) independent experiments. Data are normalised to GAPDH loading control and to untreated shRUVBL2 THP1 cells. \*\*\**P* \< 0.001, one sample *t* test. **c, d** Volcano plots of fold gene expression changes in shRUVBL2 THP1 cells following treatment with doxycycline for **c** 2 and **d** 4 days. Expression changes greater than 2-fold and *P* \< 0.05 are shown in red, Wald test. **e, f** qRT-PCR validation of changes in *BTG2*, *MAF* and *MAFB* expression in THP1 cells following RUVBL2 inhibition by **e** two independent shRNA or **f** RUVBL2(DN) over-expression. Gene expression 24 hours after the end of puromycin selection is shown, normalised to **e** shSCR (SCR) or **f** empty vector (CON) transduced cells. Bars and error bars are means and SD of **e** five, and **f** three, independent experiments. \**P* \< 0.05; \*\**P* \< 0.01 (relative to controls), one sample *t* test.](EMS82692-f003){#F3}

![RUVBL2 binds c-MYB and maintains its transcriptional program in AML.\
**a** GSEA of c-MYB repressed (top) and activated (bottom) gene sets, as previously defined \[[@R7]\], in gene expression changes in shRUVBL2 THP1 cells following 2 (left panels) and 4 (right panels) days doxycycline treatment. **b** Table summarizing GSEA of c-MYB gene sets derived from shRNA \[[@R22]\], CRISPR-mediated \[[@R23]\] and peptidomimetic \[[@R6]\] c-MYB targeting in AML cells, and of a myeloid differentiation gene set \[[@R24]\] derived from global gene expression changes following PMA treatment of THP1 cells \[[@R25]\] and a terminal monocyte differentiation program \[[@R26]\]. **c** Western blot analysis of mouse IgG and anti-RUVBL2 immunoprecipitates from THP1 cells, following DSG cross-linking, stained with anti-c-MYB (top) and anti-RUVBL2 (bottom). **d** Western blot analysis of mouse IgG and anti-c-MYB immunoprecipitates from HA-RUVBL2 expressing THP1 cells, following DSG cross-linking, stained with anti-HA (top) and anti-c-MYB (bottom). Representative data **c, d** from one of three independent experiments.](EMS82692-f004){#F4}

![Loss of RUVBL2 results in increased binding of c-MYB to repressed target genes and relieves their repression.\
**a** Heatmap showing ChIP signal for c-MYB and histone H3K27ac for the dynamic c-MYB peaks (more than 2-fold changed) following shRNA mediated *RUVBL2* silencing in THP1 cells. **b** Exemplar ChIP-Seq tracks for c-MYB peaks showing more than 1.5-fold (dashed arrows) and 2-fold (solid arrows) increased c-MYB binding (MYB UP) following *RUVBL2* silencing. **c** Box plots showing ChIP-Seq signal for c-MYB and histone H3K27ac for MYB UP peaks (\>2-fold) with a significant H3K27ac signal (MYB UP H3K27ac). H3K27ac signal increases significantly upon *RUVBL2* silencing, Mann--Whitney U test. **d** Venn diagram showing overlap between genes whose expression increased (\>2-fold, *P* \< 0.05) in shRUVBL2 THP1 cells (RNA-Seq UP Day 4), following 4 days doxycycline treatment, and genes with increased MYB binding following *RUVBL2* silencing (\>2-fold, ChIP-Seq MYB UP). *P*-value obtained by hypergeometric test. **e** GSEA of the 36 genes, with increased expression and MYB binding following *RUVBL2* silencing, in previously reported gene expression data from THP1 cells treated with PMA for 24 hours \[[@R25]\]. **f** Table summarising GSEA of the 36 genes in previously reported gene expression data following siRNA knockdown \[[@R25]\], CRISPR-mediated \[[@R23]\] and peptidomimetic \[[@R6]\] targeting of c-MYB in AML cells.](EMS82692-f005){#F5}
